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EXECUTIVE SUMMARY

Product U.S. Geological Survey Open-File Report 93-303, 1993: Final Contract Report, “Biogeochemical Studies
of the Salt Marsh and a Barrier Island at Cape Romain National Wildlife Refuge, South Carolina."

The U.S. Fish and Wildlife Service (FWS) is responsible for assessing the impact of atmospheric pollutants
in wildlife refuges throughout the country. This report presents the study design, sampling methods, and chemical
analysis procedures and results for cooperative biogeochemical studies between the FWS and the U.S. Geological
Survey (USGS) at Cape Romain National Wildlife Refuge (CRNWR).

This report is divided into four chapters: (A) methods and results for the determination of baseline
concentrations in Spartina alterniflora (smooth cordgrass) and associated sediments in the intertidal salt marsh; (B)
methods and results for the determination of baseline element concentrations in soils and plants on Bull Island; (C)
an integrated assessment of the biogeochemical studies at CRNWR, including stable sulfur isotope ratios, with
respect to anthropogenic and natural sources of elements in vegetation, sediments, and soils; and (D) a data
compilation of the raw chemical analysis results and a summary of quality control results obtained during the
chemical analysis of the various samples.

These studies were initiated to help define baseline elemental concentrations in the predominant intertidal
salt marsh plant species and associated sediments and barrier island plants and soils at CRNWR. In addition, spatial
scales of chemical variability in plants and sediments are defined. A minor objective of the work was to examine
seasonal variability in plant chemistry by sampling a subset of sites at two times during the year. Results of these
studies are integrated into an assessment of the potential for the trace elements being derived from natural or
anthropogenic sources.

Summary statistics and baseline 95 percent expected element concentration ranges are reported for S.
alterniflora and associated sediments in the salt marsh and for Tillandsia usneoides (Spanish moss), Pinus taeda
(loblolly pine), and surface soils on Bull Island. Element concentrations in plants and soils on Bull Island exhibited
little spatial variability, whereas element concentrations in S. alterniflora and salt marsh sediments had significant
spatial variability. The large spatial heterogeneity of element concentrations in the salt marsh media indicate that
extensive sampling is required to reproducibly map or evaluate concentrations in these media.

All field sampling was completed before the destructive forces of Hurricane Hugo hit Cape Romain
National Wildlife Refuge on September 21, 1989. Re-sampling is required to assess the effects of Hurricane Hugo
and validate existing baseline element concentration ranges or establish new baseline ranges.

Although S. alterniflora is the dominant plant species in CRNWR and a major source of food in the
estuarine detrital-based food chain, it may not be a good biomonitor for anthropogenic trace metals additions to this
environment because of high turnover rates and relatively small metal uptake. In addition, sulfur concentrations
in S. alterniflora and sediments were highly variable. Total sulfur concentration in these media is unlikely to be
a useful monitor of anthropogenic sulfur additions owing to the great variability and the large oceanic input of
sulfate. .
The biogeochemistry of the vegetation, sediments, and soils at CRNWR indicate that this environment is
not highly contaminated with anthropogenic additions of trace elements. Lead and nickel concentrations in Spanish
moss and lead and copper concentrations in the salt marsh sediments may be symptomatic of anthropogenic additions
of these elements.

Stable S isotope ratios of S. alterniflora and sediments indicate that dissimilatory sulfate reduction in the
sediment is an important process controlling the isotopic signature of the S. alterniflora. Spanish moss and loblolly
pine exhibited S isotope ratios that indicate seawater sulfate is not directly the predominant source of S for these
two species. The isotopically light signatures of these plants compared to seawater S suggest an anthropogenic
and/or a biogenic source of S. Although anthropogenic S emissions have been estimated to be a significantly greater
source of S in the region than natural emissions, biogenic S flux is an important component of the salt marsh S cycle
that is poorly understood and insufficient data are available to compare anthropogenic and natural sources of S at
CRNWR. A better understanding of natural processes controlling the cycling of S and trace elements in the
environments at CRNWR is required before the anthropogenic additions of elements can be accurately estimated.

Form of Product: USGS Open-File Report 93-303, Typed Report, 8'4 x 11 inches, 137 pages, including 41 tables
and 22 figures.
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GEOGRAPHICAL NAMES

The nomenclature used throughout this report is consistent with the names used on the
U.S. Geological Survey topographic map series and the U.S. Fish and Wildlife Service (FWS)
Atlantic Coast Ecological Inventory map series. Bull Island and Bulls Bay are often referred to
by the variants Bulls Island and Bull Bay, respectively. These variants are used and preferred
by the local refuge.
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CONVERSION FACTORS
Measurement values in the International (metric) System (meter/kilogram units) used in this

report may be converted to the U.S. Customary System (inches/pounds units) by using the
following factors:

To convert from To Multiply by
millimeter (mm) inch (in) 0.03937
meter (m) foot (ft) 3.281
yard (yd) 1.094
kilometer (km) mile (mi) 0.6214
hectare (ha) acre 2.471
kilometer’ (km?) mile’ (mi) 0.3861
gram (g) ounce avoirdupois (0z avdp) 0.03527
kilogram (kg) pound avoirdupois (Ib avdp) 2.205

liter (1) quart (qt) 1.057
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Chapter A

Baseline Element Concentrations in
Spartina alterniflora and Salt-Marsh Sediments
at Cape Romain National Wildlife Refuge, South Carolina'

By Larry L. Jackson®, Larry P. Gough, and R. C. Severson

ABSTRACT

Baseline 95 percent expected element concentration ranges were
determined for Spartina alterniflora (smooth cordgrass) and sediments in the
intertidal salt marsh ecosystem at Cape Romain National Wildlife Refuge for
November 1987. Spatial and seasonal variability in element concentrations were
examined for both sample media. Interelement relationships in Spartina
alterniflora and in sediments were used to identify elements controlled by the
same biogeochemical processes and to determine element enrichment in the
sediments.

INTRODUCTION

This report describes biogeochemical studies in the intertidal salt marsh at Cape Romain
National Wildlife Refuge. The primary objectives of this study were to determine baseline
ranges and spatial variability in element concentrations in Spartina alterniflora Loisel. and the
associated sediments. A minor objective was to examine temporal variability in these two media.

Cape Romain National Wildlife Refuge (CRNWR) is located about 32 km (20 mi) north
of Charleston, South Carolina and extends northward about 35 km along the coast (Figure A1)
to within about 30 km of Georgetown, South Carolina. The refuge contains approximately
13,800 ha (34,200 acres) of intertidal marsh, barrier islands, and small bays and about 12,100
ha of open water. Within this area, 11,200 ha of marsh, tidal creeks, and barrier islands are
defined as wilderness in the National Wilderness Preservation System. CRNWR is also an
integral part of the Carolinian-South Atlantic Biosphere Reserve (Hopkins-Murphy, 1989).

Inland and to the west of CRNWR is the Francis Marion National Forest, 81,000 ha of
upland pine forests and bottomland tupelo and cypress swamps. To the south of CRNWR, closer

IChapter A of Jackson, L. L., editor, 1993, Biogeochemical studies of the salt marsh and a barrier island at
Cape Romain National Wildlife Refuge, South Carolina: U.S. Geological Survey Open-File Report 93-303, 137

p-
2All authors at USGS, Box 25046, MS 973, DFC, Denver, CO 80225.
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to Charleston, is a narrow coastal zone of salt marsh protected by a series of transgressive barrier
islands. Just to the north of CRNWR, two distributaries of the Santee River enter the Atlantic
Ocean. Historically the Santee River had the fourth largest discharge on the East coast, draining
about 40,000 km’ of mostly Piedmont Province and a small amount of Atlantic Coastal Plain
(Neiheisel and Weaver, 1967). The marshes and barrier islands of CRNWR were formed as part
of the Holocene cuspate delta complex of the Santee River (Brown, 1977). In addition to the
marshes, mud flats, and sand bars at the mouths of the distributaries, the shoreline components
of the delta included Cape Romain as a cuspate foreland and Raccoon Key as an eroding beach-
barrier complex. The extensive salt marshes of CRNWR developed in the protected areas behind
these barrier islands and to the south behind Bull Island, currently the largest barrier island in
CRNWR with about 1,800 ha, more than half of which is salt marsh. As is evidenced from the
shape of many of the geomorphic features of the area, the littoral drift is southward along the
coast.

During the early 1900’s the Santee River had an average discharge of 525 m’/sec. In
1942, the Santee-Cooper River diversion project was completed and the Santee River discharge
was dramatically decreased with a minimum required flow of 14 m*/sec, except during flooding.
The remainder of the flow and a significant portion of the sediment load were diverted to
Charleston harbor (Stephen and others, 1975, 1976, Kjerfve, 1976). After the diversion, the
average discharge was 62 m/sec with salinity of 35 parts per thousand (ppt) in a salt wedge
estuarine system at the mouths of the distributaries. Construction of the hydroelectric dams on
the Santee River in the early 1900’s began the retrogressive phase of the river’s delta area and
completion of the diversion project accelerated it (Stephen and others, 1976). In 1985 the
rediversion of a large part of the Santee River’s historic discharge back to the original river
system was completed. Prior to the rediversion, it was estimated that the increased flow in the
Santee River should result in an average discharge of 419 m*/sec, increased sediment load, and
restoration of the original freshwater regime with a salinity of about 1 ppt at the mouth of the
distributaries (Kjerfve, 1976). Whereas the Santee River has been the fluvial source for much
of the CRNWR sediment and the immature coarse beach sands of the northern barrier islands
(Brown, 1977), the decrease in sediment load has undoubtedly had an impact on the eroding
ancient deltaic complex. The nature of the impact on CRNWR of the rediversion is yet to be
determined.

The CRNWR is composed of a number of complex ecosystems--the most extensive being
salt marsh and to a lesser extent maritime forested barrier islands (Dames and Moore, 1985;
Newman and Hart, 1982; Sandifer and others, 1980). The salt marsh is classified after the
system of Cowardin and others (1979) as euhaline, estuarine, regularly flooded, persistent,
emergent wetland with smooth cordgrass, S. alterniflora, as the dominant plant species. S.
alterniflora is ubiquitous in salt marshes throughout the Atlantic and Gulf coasts from
Newfoundland to Texas and usually grows in extensive monotypic stands where tidal
submergence is the greatest. The plants grow to about 40 cm, including their inflorescence, in
areas of high marsh or salt pans and up to a height of 2.5 m in low marsh areas (Duncan and
Duncan, 1987). Flowering occurs between March and October depending on the location.

CRNWR is dominated by extensive areas of S. alterniflora linked by an intricate network
of tidal creeks with a large tidal range. As one progresses southward along the coast from North
Carolina to Georgia the tidal range changes dramatically from a microtidal to mesotidal system
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with the mean high tide at the mouth of the Santee River of 1.37 m (Stephens and others, 1976)
and 1.6 m with average spring tides of 1.9 m and the highest tides exceeding 2 m at Charleston
(Kana and others, 1984).

The climate in the region is reasonably mild with temperatures ranging from an average
of 10°C in December to 27°C in July with winds predominately from the north in the winter and
from the south and southwest in the summer (Brown, 1977).

STUDY DESIGN

The intertidal salt-marsh biogeochemical study at CRNWR was composed of three parts:
(1) an orientation field study in October 1987 was used to familiarize us with the CRNWR
ecosystems and to obtain preliminary data on the concentration and spatial variability of elements
in the marsh plants and sediments; (2) the primary field study, a gridded field sampling of the
emergent wetland within the wilderness area, was conducted in November 1987; and (3) a
follow-up sampling of a few selected sites was completed in June 1988 to examine seasonal
variability in elements in S. alterniflora and sediments.

Orientation Field Study--Fall, 1987

On October 7-9, 1987, an orientation study was conducted at CRNWR. This preliminary
study focused on collecting a small number of samples to examine the spatial variability of
elements in intertidal marsh S. alterniflora and associated surface sediments. This data was used
as a guide in designing a subsequent, more detailed grid sampling study. A simple barbell
sampling design (Severson, 1979) was used to establish eight study sites (Figure A2). The
barbell design had major axes of about 26, 8, and 2 km. Four sites each were located in the
northern and southern sections of the refuge. Replicate samples were collected 30 m apart and
3 m apart at four randomly located sites for each distance increment. Additionally, four samples
were split in the laboratory, making a total of 20 samples each of S. alterniflora and sediment.
These samples were analyzed for major, minor, and trace elements.

Primary Field Study--Fall, 1987

The primary field study sample collection was performed November 9-20, 1987. The
objective was to determine the spatial variance and baseline values for elements in S. alterniflora
and associated sediments in the intertidal marsh within the CRNWR Wilderness Area.

The CRNWR intertidal marsh area was divided into square cells with an area of 2.6 km’
(1 mi®) (Figure A3). The cells were established using a grid with an orientation point that was
arbitrarily selected as latitude 33° 00’ 00" N and longitude 79° 32’ 30" with grid lines parallel
to true north. The cells were identified by numbers 1-17 from south-to-north and by alpha
characters A-S from west-to-east. The orientation point was the southwest corner of cell 10H.
For field number encoding, those cells to the northeast of the orientation point were considered
in the "north" section of the refuge, whereas those points to the southwest were in the "south”
section.
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Figure A2. Location map for orientation study sample sites at Cape Romain NWR, October 1987.

AS




’ 2
sy 5 2
e (<< 2
o = .
8 V) = os
H = -
H 2
o~ (=]
o = E,
E o
- —=—- o =
o & < .
Z o
\ enoe 50 5 ¢ A S e
ifos 4 | :::
‘:\ SRt E <Zﬂ ®
E PNE
BV YAVARNE = 2
(7 s> SN . 4
E \ :" 2
: 4 1) "
N, \, ~ °
\ ? 3 =
\ R
) <
)

Figure A3. Location map for intertidal salt-marsh grid sample sites at Cape Romain NWR, November 1987.
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Intertidal marsh grid cells were considered for sampling if they met the following criteria:
(1) at least one half of the cell was in the CRNWR Wilderness Area; (2) at least one half of the
cell possessed representative monotypic stands of S. alterniflora, mud flats, or open water; (3)
the cell had a sample site that was not adjoined by the occasional forested island, or the sample
site was at least 0.4 km from forested land; and (4) the cell had a sample site that was accessible.
Fifty-four potentially suitable cells were identified from topographic maps (15 in the south
section and 39 in the north section); of those, 12 of the potential cells were considered
marginally suitable.

An unbalanced, hierarchical, analysis-of-variance (ANOVA) design was used for sample
collection so that spatial variability within and among grid cells could be examined (Severson and
Tidball, 1979). Within-cell replicate samples were collected at distances of 3 m apart or 30 m
apart. Approximately one third of the cells were replicated at each of these distances.
Additionally, about one third of the samples were split and analyzed in replicate. The within-cell
replicate sites were chosen as every third cell sampled. These cells were considered randomly
chosen because the sequence of cells sampled was dictated by the pattern and size of tidal creeks
and the tidal fluctuations. In order to provide some comparisons of plant and sediment chemistry
over time, seven of the eight sample locations sampled in the orientation study were included in
the grid cell collection. Because one of the original orientation study sample sites was not
accessible owing to the tidal conditions prevalent during the fall primary sampling trip, a nearby
site was chosen as a replacement (11P).

Follow-up Field Study--Spring 1988

A follow-up field study was conducted from May 31 through June 2, 1988 (referred to
as the June 1988 collection in the Tables). Eight intertidal-marsh sites were resampled for S.
alterniflora and associated sediments using the barbell sample design and the different levels of
sample replication outlined above for the original orientation field trip. Seven of these sites were
identically sampled during the October and November 1987 collection trips. The eighth site was
(13Q) sampled only in November 1987.

Surface water samples from the tidal creeks were also sampled at the eight intertidal-
marsh sites using the barbell sample design. The primary objective of water collection at these
sites was to examine potential differences in salinity and its influence on stable sulfur isotope
ratios.

STUDY METHODS

Sample Collection

Intertidal- 1 llection Sampling sites were chosen as the nearest accessible point

to the center of each grid cell. However, the original sample sites from the orientation survey
were resampled even though they may not have been near the center of the cell. Sample points
were located about 10 m towards the center of the S. alterniflora stand from the tidal levee.
Stands of short- to intermediate-form S. alterniflora (<1 m) were sampled where possible. At
each location a hoop of 1 m’ area was positioned randomly in the stand. The number of
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individual plants within about one quarter of this area was estimated, and the number of
inflorescent stems and the average plant height without inflorescence were recorded. The
sediment sample also was collected within the hoop. A 50-cm core section was extracted at each
site with a peat-coring tool and a visual description of oxidized and reduced zones was recorded.

S. alterniflora culms (including the flowering stem above the uppermost leaves but
without the inflorescent portion) and leaves were collected from 15-20 plants (approximately 50-
80 g) and composited at each site in each of the three field trips. Only the material above the
sediment encrusted tide mark (i.e., above about 20 cm) was collected. The plants sampled were
within about 5 m of the sediment collection point. In June 1988, two composite samples at each
site were collected; one sample, which included the senescent flower stem, and one sample,
which included only the uppermost leaves and culms without the flower stem. The samples were
stored in Hubco cloth bags.

Surface sediments (0-5 cm) were collected at 3 points within a 1 m? area using a plastic
coring tip. Samples were composited and stored in plastic "whirl-pak" bags. The majority of
any standing water in the sample bag was poured off in the field. Two-to-three hundred grams
of water-saturated material were retained.

The latitude and longitude of each sample point were determined using a LORAN-C
receiver (Spotlink Model SL-1000, Pathcor Div., Technology Projects, Ltd., Tempe, AZ).
Locations were recorded to the nearest 0.01 minute. The LORAN-C receiver was calibrated
daily at the shore end of the mainland refuge pier at Moores Landing. The reference latitude and
longitude used for this point were 32° 56’ 40" N and 79° 39’ 46" W as measured from the 7'4’
USGS topographical map.

Surface-water samples from the main tidal creeks adjacent to the sediment and S.
alterniflora sampling locations were collected at eight locations in June 1988. The grab samples
were collected in pre-acid washed polyethylene bottles.

Sample Preparation’

Prior to preparation and analysis, samples were arranged in randomized suites with a
maximum of 40 samples segregated by sample type. Analytical results and coding information
are permanently archived in the USGS Rock Analysis Storage System (RASS).

All plant material was washed three times in deionized water by submerging in large
beakers and manually agitating. The washed plant samples were then dried at 40°C for
approximately 24 hr. The dried plant material was ground in a Wiley mill to pass a 2 mm
screen. Sediment samples were air-dried at ambient temperature under forced air for 48 hours
or more and then disaggregated in a ceramic mortar to pass a 10-mesh (2 mm) sieve. The
sediment material passing through the sieve was further ground to pass a 100 mesh (0.15 mm)
sieve using an agate shatter box. The > 10-mesh material was discarded.

Sample duplicates were submitted to the laboratory within the randomized suites of
samples. The duplicates were obtained by splitting the ground plant or sediment material in a
Jones riffle splitter and were given unique field and laboratory identification numbers.

3Any use of trade names is for descriptive purposes only and does not imply endorsement by the USGS.
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Sample Analysis

All plant samples were ashed in Vicor crucibles at 450-500°C over an 18 hour period.
One hundred milligrams of the ash were digested with mixed acids. After complete digestion
of the plant ash, 40 major, minor, and trace elements (see Chapter D, Table D3) were
determined by inductively coupled plasma atomic emission spectroscopy (ICP) (Lichte and
others, 1987; Arbogast, 1990). Total sulfur was determined directly on 250 mg of the ground
plant material by combustion at 1370°C in an oxygen atmosphere with infrared detection of
evolved SO, (Jackson and others, 1985).

All sediment samples were analyzed by ICP for the same suite of elements as the plants.
Two hundred milligrams of ground material were digested completely with mixed acids. Total
sulfur was determined in the sediments by the same procedure used for the plants. Total carbon
was determined by combustion of 0.25 to 1 g of ground material at 1370°C in an oxygen
atmosphere with infrared detection of evolved CO, (Jackson and others, 1987). Carbonate
carbon was determined by coulometric titration of acid-evolved CO, (Engleman and others,
1985). Organic carbon was determined by the difference of total and carbonate carbon (Jackson
and Roof, 1992).

All raw chemical analysis results as reported by the laboratory are presented in Chapter
D of this report. The lower detection limits for trace elements are typically on the order of a
few ug/g (see Table D3). The detection limit for elements in plant materials determined by ICP
is twice as great as those for sediments owing to the use of the smaller sample size. The
precision for most determinations is on the order of 5-10 percent relative standard deviation or
better. ICP results are reported to a maximum of two significant figures. All other analyses are
reported to a maximum of three significant figures.

The field study quality control results also are summarized in Chapter D. Based on these
results, data for Co and La in S. alterniflora and Ba in sediments should be viewed with caution.
However, it should be noted that potential errors or biases in results for these particular elements
do not significantly influence any conclusions drawn in this report.

The pH of water samples was determined in the field at the site of collection using an
Orion model SA250 portable pH meter with a Ross electrode. Samples were filtered through
0.4 um polycarbonate membrane filters (Nuclepore) in the field within a few hours of collection.
Filtered water samples were analyzed in the laboratory for chloride and sulfate by ion
chromatography (Smee and others, 1978).

Particle-size determinations and silt and clay mineralogy were performed on subsamples
from 5-cm diameter core slices 2.5-5 cm thick (depending on depth) that had been disaggregated,
dried, and pretreated with HCl, HNO,, and H,0O, to decompose organic matter in order to do
other analyses (Martin and Rice, 1981). The influence of this pretreatment on the size
fractionation and clay and silt mineralogy is not clearly understood. At the very least, carbonates
and sulfides were destroyed. The expanding clays, such as montmorillonite, were probably
altered or destroyed to a greater degree than kaolinite. The particle size analysis (Starkey and
others, 1984) was performed by wet sieving about 3 g of sample with a 230-mesh (62 micron)
stainless steel sieve to separate the sand-sized fraction from the silt- and clay-sized fractions.
The material not passing through the sieve was dried and weighed as the sand-sized fraction.
The material less than 62 micron was centrifuged at 600 rpm for 7.5 minutes, which left the
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clay-sized fraction in suspension. A small portion of the suspension was vacuum filtered and
transferred to a glass slide for X-ray diffraction analysis (XRD) of the well-oriented clays
(Pollastro, 1982). The mounted clay specimen was analyzed from 2°-32° by XRD four times:
once unaltered, once glycolated, once after heating to 400°C, and once after heating to 550°C.
The remainder of the clay suspension was decanted, dried, and weighed. The silt-sized fraction
remaining was dried and weighed and selected samples were analyzed by XRD. Bulk and silt-
sized sediment fractions were analyzed by XRD from 4°-60° in packed powder mounts. Bulk
mineralogical determinations were done on the disaggregated and dried sediment only. No
organic matter decomposition pretreatment was used on the bulk mineralogical specimens.

DATA ANALYSIS

Data analysis has been performed using a variety of public domain and commercial
software on an IBM-compatible personal computer. The unbalanced, hierarchical analysis of
variance was done using programs in the USGS Statpac library (Grundy and Miesch, 1988).

All sediment data have been analyzed on a dry-weight basis (i.e. air-dried). For plants,
S concentrations and ash yield are on a dry-weight basis (at 40°C) and all other element
concentrations are on an ash-weight basis. All data, unless otherwise specified, have been
logarithmically (base 10) transformed prior to statistical analysis. Where appropriate, qualified
data, which are those results below the analytical detection limit, have been replaced with 0.7
times the detection limit prior to statistical analysis. Elements with more than 33 percent
qualified values have been excluded from any statistical analyses. In general, limited
replacement of qualified values has little influence on robust statistical techniques such as
ANOVA. However, appropriate caution should be used in interpreting correlation-based
techniques where we have used replacement of qualified values.

The geometric means for elemental concentrations were determined as weighted averages
of the transformed data owing to the unbalanced nature of the sample design. The hierarchical
ANOVA levels were used for weighting so that the lowest level, laboratory replicates, was
averaged first and then each succeeding level upward through the hierarchical chain was averaged
sequentially. Pooled geometric deviations were determined as the square root of the total
variance determined in the unbalanced, hierarchical ANOVA. Geometric means and deviations
were calculated for several elements which required replacement of some of the qualified values.
This introduces a bias to these results, but it is important in order to allow comparisons to be
made between different data sets to guide future research.

Chemical baselines have been defined in various ways. Usually a baseline refers to a
specific set of conditions and point in time (i.e. when the samples were collected) and not to
historical or pre-industrial conditions. One definition of a baseline is the expected 95 percent
range, which is the mean plus or minus two standard deviations. For lognormally-distributed
data (Tidball and Ebens, 1976) the expected 95% range is:

(geometric mean/geometric deviation®) to (geometric mean X geometric deviation®)

We have defined baseline ranges for selected elements in S. alterniflora and sediments for the
November 1987 collection period using the formula presented above.
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The combination of the November and June sampling designs and analytical data for the
eight sample locations was truly a crossed-hierarchical ANOVA design, which incorporated both
temporal and spatial aspects. However, these data have only been analyzed one season at a time
by ANOVA. Inter-scasonal comparisons have been made by parametric analysis of the
logarithmically-transformed data as paired sets. Analytical splits were averaged prior to doing
the paired-t test.

Spatial trends in element concentrations in S. alterniflora and in sediments were calculated
using an inverse distance-squared algorithin which incorporated up to ten nearest neighbors
within a five cell radius. The log-transformed, hierarchically-averaged grid cell means were used
to generate the contours. The contours plotted were based on approximately the 10*, 30*, 50",
70", and 90™ percentiles of the 51 grid cell means.

Calculation of the variance-mean-ratio and the estimated sampling density required for
80 and 95 percent confidence geochemical-element-concentration maps followed the methods of
Miesch (1976).

RESULTS AND DISCUSSION
Physical characteristics of the S. alterniflora and salt-marsh sediments collected

S. alterniflora growth habits include short, intermediate, and tall ecophenic forms (Shea
and others, 1975) that are apparently environmentally induced. The tall form (1-2 m)
characteristically grows on the higher elevation, better drained tidal levee with the shorter form
(about 0.5 m or less, although some researchers in other regions define the short form as up to
1 m) occurring behind the tidal levee in less drained marsh area. The intermediate height form
tends to occur in marsh locations between the two elevation extremes. The difference in height
has been attributed to a number of factors: tidal inundation, interstitial water salinity, nutrient
availability and utilization, redox conditions of the root zone, sulfide toxicity, and subsurface
drainage (Chalmers, 1982; Delaune and others, 1983; Howes and others, 1986; Koch and others,
1990; Mendelssohn and McKee, 1982).

The S. alterniflora samples that we collected were located about 10 m behind the tidal
levee usually in short to intermediate form stands. The range in estimated height of a stand of
S. alterniflora culms and leaves was 25-80 cm with an average height of 45 cm. The estimated
plant density ranged from about 25 to 125 groups of culms per square meter (a group of culms
was assumed to be stems from one plant). The average density was 60 groups of culms per
square meter. Based on Spearman’s non-parametric rank correlation coefficient using
measurements at 67 locations, there was a weak inverse correlation between our rough
measurements of S. alterniflora height and plant density (r = -0.279) that was significant at p
= 0.05.

Visual examination of cores to a depth of 50 cm at all sample locations indicated that the
sediments were relatively uniform throughout CRNWR at the type of location that we were
sampling. The sediments at each location were predominantly silt with the surface oxidized zone
ranging from a few millimeters to a few centimeters, with an average thickness of about 1 cm.
Below the oxidized zone was usually a zone of grey silt with abundant fine roots down to about
20 cm. The lower portion of the core (below 20) cm was generally grey silt with varying
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amounts of coarse roots. No zones of peat formation were observed within the upper 50 cm of
sediment that was sampled.

Percentage of each size fraction
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Figure A4. Percentage of sand-, silt-, and clay-sized material in salt-marsh sediment at grid location 12L.

One core at grid location 12L, near the intersection of Papas and Five Fathom Creeks in
the northern portion of CRNWR, was analyzed for grain size and major mineralogical
components. The weight percentage of material in sand-, silt-, and clay-sized fractions is shown
in Figure A4. The sediments were predominately silt with the clay-sized fractions ranging from
about 5-20 percent and the sand-sized fraction from about 5-15 percent from the surface down
to a depth of about 20 cm. Below a depth of 20 cm, the silt-sized fraction increased and the
sand- and clay-sized fractions were less than 5 percent. Qualitative X-ray diffraction analysis
of the bulk sediment indicated that quartz, plagioclase, and kaolinite were the major crystalline
mineral components of the sediment down to a depth of 20 cm. At about 20 cm and downward,
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pyrite was observed as a major mineralogical component in addition to the other three minerals.
Quartz and plagioclase were the major components in the silt-sized fraction. The clay-sized
fraction was composed of kaolinite with the addition of illite from about 25 cm downward.

Summary Statistics and Analysis of Variance
Orientation Field Study--Fall 1987 For S. alternifiora and sediments collected during the

orientation study, the percentages of the total variance accounted for by each level in the
ANOVA design and the observed range of element concentrations are shown in Tables Al and
A2. With the exception of sulfur, elements in S. alterniflora are presented on an ash-weight
basis because we believe that this weight basis will minimize differences in element concentration
trends between different growth forms or proportions of leaves and culms that were sampled
from site to site. However, this weight basis will emphasize differences in sediment or salt-spray
contamination that was not successfully removed by our plant washing procedure, although gross
contamination was not obvious after washing.

For S. alterniflora, a large proportion of the total variance for several elements was at
the 26 and 8 km ANOVA levels, although more than 50 percent of the total variance for most
elements was at the 2 km and 30 m ANOVA levels. Generally, only a few percent of the total
variance were attributable to the 3 m ANOVA level or to laboratory error. Similar results were
obtained for the sediments, although generally, very little variance was attributable to the largest
spatial level, at 26 km. These results indicate that differences in element concentrations in plants
or sediments between the northern and southern portions of CRNWR are of the same magnitude
as differences measured within smaller sampling units. In addition, they indicate that to
accurately map spatial trends in element concentrations throughout the refuge, large numbers of
samples collected at increments of tens of meters to at most 2 km are required. Based on these
results, the practical aspects of sampling in CRNWR, the project objectives, and the budgetary
constraints dictated a grid size of 1.6 km x 1.6 km for future sampling.

The analysis of the S. alterniflora ash by ICP indicated that the concentration of a large
number of trace elements did not exceed the detection limit of the analytical technique.
Concentrations of only a few trace elements (Ba, Cr, Cu, Li, Mn, Sr, and Zn), in addition to
the major elements (Al, Ca, Fe, K, Mg, Na, P, and Ti), were consistently above the ICP
detection limits. For the sediments, a larger number of elements were above the analytical
detection limits.

Primary Field Study-November 1987 The ANOVA results and summary statistics, including
our estimate of the 95 percent expected baseline concentration for elements in S. alterniflora and

their associated sediments, based on the November 1987 collection are given in Tables A3 and
A4. Generally, the greatest variance in the analytical results for S. alterniflora was found to be
among grid cells with usually less than 20 percent of the total variance between north and south
units of CRNWR.

Several elements had more than 25 percent of their total variance associated with the
within-cell replicates at 3 and 30 meters. Calcium and Na, which make up more than 25 percent
by weight of the plant ash, Mn, and ash yield had about 30 percent of their variance at the 3
meter within-cell replicate level. Potassium, Mg, Mn, and P, all essential plant nutrients, each
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Table Al. ANOVA results and observed concentration range' for elements in S. alterniflora—October 1987.

Percentage variance? at each ANOVA level i Observed range
Element 26km 8km 2km 30m 3m  lab error Ratic® Minimum  Maximun
Ash%!  : 9 <1 23 62+ 5 <1 : 20120 9.27 13.4
s%! 26 <1 24 49+ 1* <1 i 2010 0.42 1.36
Al% i< 6 <1 75 17+ 2 i 20120 0.15 0.98
Ca% o<1 58 21 8 9 3 i 20120 2.6 5.3
Fe% | <1 <1 <1 91+ g* <1} 200 0.17 0.85
K% < <1 T2+ <1 21 7 % 20120 5.3 7.7
Mg% i 16 <1 61+ 18 5+ <1 i 2010 2.0 5.9
Na% P e <1 27 39 <1 12 i 2010 20 29
P% 41 <1 <1 51+ 6 2 i 20120 0.82 1.8
Ti% o<1 43 <1 10 4+ 5 1 1970 0.01 0.05
Ag uglg P00 <4
Aspgls i ono <20
Aupglg | i o0no <16
Bapglg : <1 <1 <1 36 62+ 2 i 2010 9 2
Beuglg | ioono <2
Bipgls i 0120 <20
Cdpgly | i ono <4
Ce pglg i oono <3
Copgly | P ano <2 4
Cr pglg <1 <1 <1 97+ 3+ 1} 2010 4 62
Cu pglg 26 18 <1 50+ 3 2% 20120 12 34
Eupglg | P o0n0 <4
Ga uglg : . 0/20 <8
Ho uglg i oo0no <3
La pglg P80 <4 6
Lipgle <1 24 4 52 9 11 ;20120 4 14
Mnpglg | e <1 <1 53+ 2 1 i 2010 150 480
Mo pglg | Y, <4 6
Nb gl ! ono <8
Nd pglg i oo <8
Ni pglg P32 <4 36
Pb ugle i ono <3
Scuglg | ) <4
Snpgle | P ono <20
Sr pgls <1 47 36 8 7 1§ 20120 360 760
Ta pglg P00 < 80
Thpugle | i oro <8
Uugle | Eoono < 200
Vouglg i i osno <a 13
Ypgls i oro <4
Yo uglg | i oo <2
Znugly | 45 10 <1 38 7+ <1 i 20m0 2 110

! Elements with ANOVA results and summary statistics calculated on a dry-weight basis (i.e., 40°C), all other elements on an ash-weight basis.
2 « significant at 0.05 probability level.
3 Ratio of samples with detectable concentrations to the total number of samples.
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Table A2. ANOVA results and observed concentration range for elements in sediments--October 1987.

Percentage of variance' at each ANOVA level Observed range
Element 26km 8km 2km 30m 3m  lab error Ratic’ Minimum  Maximum
C total % <1 17 59+ 13 10+ <1 : 2010 1.99 3.89
C org% <1 <1 70% 21 9* <1 i 2010 1.96 3.87
C cront% <1 38 6 50+ 6* <1 i 20n0 0.02 0.36
S% 17 19 <1 64+ 1* <1 i 20n0 0.20 2.63
Al% <1 <1 84+ 1 4 <1 i 20n0 6.0 8.6
Ca% <1 52 20 23 4 <11 20n0 0.34 1.8
Fe% <1 <1 56 37 7+ <1 i 2010 2.9 49
K% <1 <1 <1 9 <1 <1} 20n0 0.76 12
Mg% <1 66 21 6 6 <1 i 2010 0.60 0.99
Na% <1 57+ <1 a3+ <1 <1 i 2010 13 2.8
P% <1 <1 64 27 9 <1 ¢ T20m0 0.06 0.11
Ti% <1 7 <1 86+ 5 1 i 20120 0.41 0.50
Ag uglg . 020 <2
As uglg <1 1 <1 68 <1 21 i 2010 20 50
Au uglg ' 0120 <8
Ba pg/g <1 <1 50 50+ <1 <1 i 2010 200 340
Be uglg i 20120 2 2
Bi uglg Poono <10
Cd uglg i ono <2
Ce pglg <1 <1 69+ 2 <1 7§ 2010 65 85
Co pglg <1 <1 63 14 23+ <1 20m0 9 12
Cr pglg 20 <1 67+ 4 9+ <1 i 2010 73 110
Cu puglg <1 28 52+ 17 1 3 1 2010 14 3
Eu uglg i ono <2
Ga pglg <1 <1 89+ <1 <1 1 i 2020 15 20
Ho uglg i 010 <4
La uglg <1 <1 74+ 20 3 4 i 2000 3 43
Li pglg <1 <1 8o+ 6 5+ <1 i 2070 50 9%
Mn pg/g <1 17 2 78+ 2 1§ 2010 280 360
Mo pglg <1 6 <1 83+ <1 i eno <2 3
Nb uglg <1 <1 49 12 18 20 : 20120 13 17
Nd uglg 3 <1 63+ 18 <1 16 i 2070 30 40
Ni pglg <1 <1 81+ 12 5 2 i 2010 16 27
Pb pglg 18+ <1 <1 68 1 3 i 2010 18 28
Sc uglg <1 <1 87+ <1 13+ <1} 2010 10 15
Sn pglg i0n0 <10
St uglg <1 34 31 31+ 4+ <1 i 2010 78 190
Ta uglg ioono < 40
Th pglg <1 <1 32 35+ <1 33 i 20n0 10 14
U uglg i ono < 100
V uglg <1 <1 64 32+ 4 <1} 2010 84 130
Y uglg <1 <1 58 30 12 <1 i 20n0 15 20
Yb uglg P 20120 2 2
Zn uglg 7 <1 85+ <1 7+ 1§ 20n0 50 76

1 « significant at 0.05 probability level.
2 Ratio of samples with detectable concentrations to the total number of samples.
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Table A3. ANOVA results and summary statistics' for S. alterniflora from November 1987 collection.

Percentage Variance? at cach ANOVA Level : Observed Range ¢ Estimated Bascline Range

N-S unit Grid cell 30 meters 3 meters error Ratio® Mean Deviation E Minimum  Maximuym ; Minimum  Maximum
Am% 6 38 2 29 = 1 99/99 104 110 7.68 31 ¢ 851 12.7
s%! Py 72 . 12 13 » <1} 9999 0.57 10 o9 13} 020 1.64
Al% T 6 = 2+ 5 - 1% 9999 0.36 241 0.0 17 i 008 17
as o<1 58 = 7 33 . 2 99199 1.3 120 25 55 1 23 5.5
Fex | 16 * 59 15 * 10 ¢ 1} o999 0.4 L9i 00 092 007 0.77
K% AP 2 e 19 * 2 99199 5.2 124 3.0 82 1 34 79
Mg% o<1 s6 » 2% * “ = 4} 9999 40 124} 25 69 i 26 6.1
M% i 8+ 4“5 - <1 TR 14 | 99199 2 Lo 19 I T 27
P I P 33 n o+ 1% 99199 1.0 140 045 20 1 051 20
s i 20 = 57 = 15 = 7 . 1} 8799 0.02 w2i <00 009 i <00 0.09
Bapge ;19 * S9 . n. o . 2 99199 12 T 3718 30
Ce pafs ' . 5199 ' <8 1B i
Copgle ! : 2099 Po<2 4
Cruglg | 18 » 59 * 14 o 3 69999 7 19 3 n i3 17
Cupgg | 7 % <1 9 545 09/99 9 180; 2 » i
Lapgle 1 65/99 To<4 10
Lisgg © 2% ° & * 6 4 5187199 6 1687 <4 19 1 <4 17
Mopgig i 8 2 5o 25 » 1} 99199 59 L4 i 320 2000 29 1200
Mo ug/g 12/99 <4 9
Nipglg i 1099 Io<4 9
Pogls ! HEN) Y 10
Sepglg ;o<1 57 = 8 3 . 2% 99199 570 21} 40 920 i 39 840
Vigs : 58199 Po<a 8 i
Zapgg | 13+ <1 0 17 * 1iom 87 L9 2 m | 2% 130

——

1 Elements with ANOVA and summary statistics calculated on a dry-weight basis (i.¢., at 40°C), all other elements on an ash-weight basis.
2 « gignificant at 0.05 probability level.

3 Ratio of samples with detectable concentrations to the total number of samples.

had more than 25 percent of their total variance associated with the 30 m within-cell ANOVA level. Only Cu had a large fraction of its variance
associated with laboratory error.

For the sediments, only organic C, Co, Cu, and V had 20-30 percent of their total
variance associated with differences between north and south units. The variance for the other
eclements at this ANOVA level was usually less than 15 percent. The majority of the variance
for most elements was found among the grid cells and at the 30 m within-cell replicate levels.
Laboratory error usually represented only a few percent up to about 20 percent of the total
variance. Thus, there appears to be considerable variability in element concentrations in the
sediments over relatively short distances of 10’s to 100’s of meters, perhaps owing to micro-
topologically and sedimentation differences, whereas there is relatively little difference for most
major and trace elements from the northern to southern extent of CRNWR.

Element-concentration means in S. alterniflora and in sediments were not estimated for
the October 1987 sample collection. However, the observed concentration ranges do not
generally differ dramatically between the two sampling periods, although the observed range for
November frequently was larger.

The 95 percent expected baseline-concentration range was calculated for those elements
that did not have a large proportion of their total variance associated with laboratory error and
that had more than 67 percent of results above the analytical detection limit. The baseline range
was estimated for only a few elements in which replacement of qualified values with 0.7 times

Al6



Table A4. ANOVA results and summary statistics for sediments from November 1987 collection.

Percentage Variance® at cach ANOVA Level Observed Range ! Estimated Bascline Range

Lab Geometric  Geometric

Blement NSunit  Gridol  meters  3mokers  cmor | Rati' M iati Maxi Minioum  Maximn
Coml % : 27 * 3 3 10 <1:99/99 3.39 137 1 11 614: 180 6.40
Co % 28 o 28 u 10 <1999 33 139 L4 64 1M 642
Cabmt% : 8 g - 37 7 <1789 0.04 3451 <001 042i <o0 0.44
5% i< 65 * 3 s <1} 9999 084 2601 008 455i  on2 6.09
ax o3 oe 7 . 12 <1 2 99199 7.7 Lzi o se 94 i 62 9.5
ax 11z e 0 * 25 4 <17 99199 0.7 145 i 039 19 & 034 LS
Fe% ST 75 7 2 499199 41 120F 23 61 i 28 5.9
K% HEE 19 53 s 14} 99/99 11 L10: 08 141 os4 1.4
MgE o<1 8 . 1 <1 699199 0.87 L3: 066 ! o0es 11
M%<l 7 . 17 8 2} o999 24 st 16 20} 18 32
P HEP 61 * 25 <1 14§ 99199 0.08 123 % 0.4 012 F 005 o1l
Ti% P <1 % <1 310999 0.49 115 023 0.56 } 0.37 0.65
Aspgig i 9 a . 8 <1 6} 9899 2 155 <10 0 i <10 54
Bapgg | <1 58+ 3 1 61999 140 230F mw ! 2% 740
Bepglg <1 4a . <1 <1 53§ 99199 2 118 § 1 2 i
Cepwe i 6 61 . 15 < 18§ 99799 75 105 T s 95 1 e %
Congly : 23 * 63 1 1 21 0999 10 Lsio 7 PR 3 14
Cpgg i S 27 <1 50 19 } 99/99 by i s 0 i 56 100
Copglg : 25 o s0 . 7 <1 17§ 9999 19 135 6 n i on 35
Gapgg i 9 o4 * 10 <1 17 99199 7 i 12 2 i 2
Lapglg : <1 61 * 2 6 11 ¢ 99/99 35 100 28 4 320 4
Lipgg © 1 88 - 7 2 1599599 ) 117 a 95 I 52 95
Mapglg © 8 2 . 20 219999 340 124 210 70 22 530
Mowglg | : 3399 <2 s
Nowgg | 15 * <1 6 <1 23§ 98/99 10 134} <4 “ i s 18
Nipgg <1 67 o 17 <1 15 : 99199 2 109 oS w9 39
Niggg © 16 * % * 6 <1 3} 09/99 2 1165 16 2 i n 3
Pougg <l s4 o 2 9 7} o999 25 L6 15 M 19 M
Scrglg | 8 o * 13 s 4199199 12 i 4 i 10 15
Sy} 12 e a N s 2 99199 120 116 89 ;o 170
Thegrg ;<1 52 . 10 % 183 99199 1 Lz ;g T A R 14
Vegg | ;e 6 =+ 10 <1 3% o999 110 s 76 15 : 88 15
Yuglg 8 % . 8 s s i o999 17 Lo 13 2 ! 14 21
Yopeg | <1 29 <1 <1 71} 99799 2 i 2 3 1 2 2
Zapgg | 10 o 0 o 8 <1 6 L9 8 i 4 9

12§ 99/99

! * significant at 0.05 probability level.
2 Ratio of samples with detectable concentrations to the total number of samples.
the detection limit was used. In these cases if the calculated lower limit of the range was less than the analytical detection limit, the analytical

detection limit was substituted for the actual calculated lower limit of the baseline range (Tables A3 and A4).

The observed range in concentration frequently included higher values than the 95 percent
expected baseline range. For most elements in S. alternifiora and in sediments, this higher value
was owing to only one sample out of 99 which fell outside the upper limit of the calculated
baseline range. This is not unexpected because our baseline range is only defined to include 95
percent of a log-normally distributed population.

Follow-up field study--June 1988 The ANOVA results and the observed concentration ranges

are shown in Tables A5-A7 for elements in S. alterniflora and sediments at eight sites that were
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Table A5. ANOVA results and observed concentration range' for elements in culms and leaves including the
senescent flowering stalk of S. alterniflora--June 1988.

Percentage variance? at each ANOVA level Observed range
Element : 26km 8km 2km 30m 3m lab error Ratic®> Minimum Maximun
Ash%! <1 22 <1 56 20+ 1 i 20120 3.78 7.20
s%! <1 82+ <1 13 2 3 20120 0.19 0.35
Al% 41 <1 49 4 5% <1 20120 2.3 5.3
Ca% <1 76 1 19+ 4* <1 20120 2.7 6.2
Fe% 38+ <1 54* 2 5% <t 20120 1.5 2.8
K% <1 6 18 <1 74+ 2 20/20 1.5 2.1
Mg% 11 <1 68 13 8* <1 20120 4.1 5.7
Na% <1 70 15 6 6 2 20/20 6.7 14
P% <1 65 18 <1 17+ <1 20120 0.76 2.6
Ti% 35 <1 51 6 7+ 1 20120 0.14 0.29
Ba pglg 49+ <1 29 12 s 5 20/20 82 120
Ce pglg 46* <1 42+ <1 11* 1 20/20 26 52
Co uglg 46+ <1 48+ <1 5 <1 20120 6 9
Cr uglg 16 <1 a4+ <1 <1 40 20120 31 67
Cu pg/g <1 75+ <1 <1 19 6 20/20 17 41
Ga uglg 17+ <1 58 7 10 9 16120 <8 13
La pglg 48+ <1 43+ <1 8* 1 2020 - 17 28
Li pg/g 39 <1 52+ 1 6 1 20/20 20 52
Mn pglg <1 90* 6 "1 2* <1 2020 420 1600
Mo ug/g : 0/20 <4
Nd ug/g 39 <1 40 <1 11 11 20/20 13 23
Ni pglg 51* <1 40 5 <1 3 20/20 13 22
Pb uglg 21 <1 23 52+ 3 <1 2020 21 36
Sc pglg 29 <1 64+ 2 1 4 19720 <4 8
Sr ug/g <1 51 30 14 5 <1 i 20120 440 1000
V uglg 2+ <1 53+ <1 5% <1 i 20120 41 87
Y ugle a4 <1 49+ <1 7 <1 i 2010 7 14
Zopgle | <1 <1 94+ 5+ <1 1 : 2010 97 200

! Elements with ANOVA results and summary statistics calculated on a dry-weight basis (i.e., 40°C), all other elements on an ash-weight basis.
2 « significant at 0.05 probability level.
3 Ratio of samples with detectable concentrations to the total number of samples.

resampled in May/June 1988. S. alterniflora leaves, culms, and a flowering stalk without the
flower or seed head were collected in November 1987. During the follow-up field study
May/June 1988, the flower stalk was in the latter stages of senescence or missing. Therefore,
because the samples collected during November 1987 included the flowering stalk, in June 1988
the S. alterniflora samples were composited including the senescent flowering stalk. An
additional S. alterniflora sample was collected at each site which was a composite of plants
without the flowering stalk. There are some distinct chemical differences between these two
types of S. alterniflora samples as seen in Tables A5 and A6.
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Table A6. ANOV A results and observed concentration range! for elements in culms and leaves without the senescent
flowering stalk of S. alternifiora--June 1988.

Percentage variance” at each ANOVA level Observed range
Element i  26km 8km 2km 30m 3m  laberror ; Ratic® Minimum  Maximun
Ash%! <1 65 <1 31% 3 2 20/20 11.9 13.8
S%! <1 <1 7 22+ 7+ <1 20120 0.26 0.68
Al% <1 26 <t 61+ 13+ <1 20120 0.8 2.3
Ca% 2 <1 72 <1 24+ 2 20120 2.2 34
Fe% <1 26 <1 58+ 16* <1 i 2010 0.48 1.3
K% <1 31 <1 <1 63+ 6 i 20120 7.9 9.8
Mg% <1 48 <1 25 25+ 2 i 2070 1.8 2.9
Na% <1 39 25 20+ <1 7 20120 17 21
P% <1 58 19 12 7 4 2020 1.2 2.0
Ti% <1 34 <1 46 18+ 2 20120 0.04 0.12
Ba ug/g 3 23 <1 63+ 10+ <1 20120 18 43
Ce uglg 11720 <8 15
Co uglg 17 16 <1 41 26 <1 20120 2 4
Cr uglg <1 <1 59 16 <1 25 20120 11 24
Cupglg i <1 52 <1 <1 13 35 2020 8 30
Ga uglg 0/20 <8
La pglg 1 <1 <1 79+ 7 12 20120 6 11
Li pglg 9 15 <1 62+ 8 6 20120 12 25
Mn pg/g 26 28 16 12 17+ <1 20120 470 1100
Mo ug/g 6/20 <4 5
Nd pgl/g 4120 <8 10
Ni pglg 14120 <4 8
Pb uglg 3/20 <8 11
Sc uglg 0/20 <4
Sr uglg 8 <1 61 <1 30* 1 20120 310 500
V uglg <1 39 <1 54% 7% <1 20120 13 38
Y uglg 020 <4
Zn pglg <1 <1 94+ 3 3% <1 20120 58 9%

! Elements with ANOVA results and summary statistics calculated on a dry-weight basis (i.e., 40°C), all other elements on an ash-weight basis.
2 * significant at 0.05 probability level.
3 Ratio of samples with detectable concentrations to the total number of samples.

There was not a great difference in the spatial distribution of the variance for the major
elements. The greatest percentage of the variance was usually found at the intermediate distance
ANOVA levels of 30 m to 8 km. However, for the composite sample including the flowering
stalk 20-50 percent of the total variance for most trace elements occurred at the 26 km level, the
distance increment that represents differences between the northern and southern extent of
CRNWR. Although it was not obvious and would not necessarily be expected, there may
havebeen a difference in the degree of senescence of the flowering stalk between the northern
and southern extent of CRNWR.
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Table A7. ANOVA results and observed concentration range for elements in sediments--June 1988.

Percentage of variance! at each ANOVA level Observed range
Element 26km 8km 2km 30m 3m  lab error Ratic’> Minimum  Maximum
C total % 35 <1 62+ 3% <1 <1 20/20 2.16 6.08
Corg% 33 <1 63+ 4+ <1 <1 20/20 2.16 6.08
C crbnt% 14120 < 0.01 0.17
S% <1 <1 86 8 6* <1 20120 0.27 2.02
Al% 2 <1 97 <1 <1 <1 20/20 4.1 7.9
Ca% <1 39 8 50+ 2 1 20720 0.55 1.2
Fe% <1 <1 97+ <1 3% <1 20/20 2.0 4.5
K% 9 <1 70+ 6 <1 14 20120 1.0 1.2
Mg% <1 <1 97+ 2+ <1 <1 20120 0.39 1.0
Na% 1 <1 95+ 2+ <1 1 2020 1.6 3.2
P% 2 <1 94+ 1 1 2 20/20 0.03 0.09
Ti% <1 <1 94+ <1 <1 5 2020 0.37 0.51
As pglg 4 34 <1 62 <1 <1 20120 10 30
Ba pglg <1 <1 59 <1 36+ 5 20/20 44 330
Be pglg <1 <1 100 <1 <1 <1 i 20120 1 2
Ce pglg 5 <1 83+ 7* <1 6 20720 53 79
Co pglg 9 <1 87+ <1 2 2 20/20 6 12
Cr pglg <1 <1 95+ 3 1 1 20/20 37 110
Cu pglg 12+ <1 87+ <1 <1 <l 20/20 6 21
Ga pglg 5 <1 92+ 2 <1 1§ 20120 10 20
La pglg 2 <1 87+ 5% <1 7 20/20 26 40
Li pglg <1 <1 99+ <1 <1 <1 20120 27 78
Mn pglg <1 <1 98+ <1 <1 1 20120 220 370
Mo pglg 13720 <2 4
Nb pg/g <1 <1 97+ 2+ <1 2 i 1820 <4 11
Nd pglg 3 <1 7 17 <1 8 20/20 24 36
Ni pglg 6 <1 94+ <1 <1 <1 20/20 10 27
Pb pglg <1 <1 85+ 5 2 7 20/20 15 26
Sc puglg 2 <1 95+ <1 1 1 20720 7 14
Sr pglg <1 <1 58 35+ <1 6 20/20 110 150
Th pglg <1 <1 81+ 6 <1 14 20120 8 13
V ugle 5 <1 04+ <1 <1 1 20/20 54 120
Y pgle T+ <1 92+ <1 <1 <1 20120 10 19
Yb pglg <1 72+ <1 25 <1 20120 1 3
Zn pglg <1 94+ <1 <1 <1 20/20 27 75

———— — ——

! * significant at 0.05 probability level.
2 Ratio of samples with detectable concentrations to the total number of samples.

The composite sample that included the flowering stalk had an ash content that was about
a factor of two lower than the June composite sample without the stalk and the November 1987
collection. The observed range for the ash content was also slightly lower in November 1987
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compared to the June 1988 composite without the flowering stalk. Other comparisons between
the seasons are discussed below.

For the sediments (Table A7) most of the total variance, 80-100 percent for most
elements, occurred at the 2 km ANOVA level. This was similar to previous results from
October and November 1987, however it was even more pronounced than either of the two
earlier collections. It helps confirm that there is no large chemical difference between the
northern and southern extent of CRNWR and that most of the spatial variability in the
concentration of elements in sediments is on a scale of 100’s of meters.

Interelement relationships in S. alterniflora and in Sediments

Exploratory factor analysis was performed on a subset of the variables determined in the
S. alterniflora and sediment samples from the November 1987 collection in order to reduce the
dimensionality and examine the latent variables or factors inherent in the data. Our objective
was to obtain a "simple structure” of easily interpretable factors that explained an acceptable
amount of the total variance. Models with five factors that explained about 90 percent of the
variance were derived for S. alterniflora and the sediments. The factor loadings are shown in
Tables A8 and A9. Those elements that have high loadings on an individual factor are the
elements that are most highly correlated with each other in multi-dimensional space.

For S. alterniflora the first factor was predominantly comprised of Al, Fe, Ba, Cr, and
Li which may be associated owing to pedological or plant physiological processes controlling the
micronutrient Fe and some trace elements. The second factor was comprised of ash and S which
were inversely related to the nutrients P and Zn. The third factor is comprised of the divalent
alkaline earth elements Ca, Mg, and Sr, and inversely related to Na. This factor may be
important with respect to the pore water salinity and regulating osmotic pressure in the plant.
Factors four and five were influenced primarily by one nutrient element each, Mn and K,
respectively. Thus, the most variance in plant chemistry associated with an individual factor is
attributable to trace elements with the remainder of the variance associated with factors that are
probably attributable to plant physiological processes influenced by nutrient utilization and uptake
processes and edaphic factors related to salinity and redox status.

A five factor model was also derived for the sediments with the first factor comprised
largely of major rock forming elements, Al, Fe, and Mg and many of the minor and trace
elements determined, P, Ce, Cr, Cu, La, Li, Ni, Pb, Sc, V, and Zn. Factor two was comprised
of organic C, S, Na, and As, which were inversely related to P, Ba, La, and Pb. Factor 3 was
comprised of alkaline earth elements and carbonate C. Factor 4 was composed of Fe and Mn,
which undergo oxidation/reduction in the upper centimeters of the sediments and are frequently
associated with oxyhydroxides in the oxic zone of sediments. Factor 5 was comprised of K and
Ti. The association of elements in Factors 1, 3, and 5 is probably owing to the mineralogical
makeup of the sediments and the nature of the major silicic minerals, the carbonates, and
themore resistant minerals, respectively. Factor two is probably the factor most influenced by
the biogeochemical cycling of C and S and factor 4 appears influenced by the oxidation/reduction
and precipitation of Fe and Mn oxyhydroxides.



Table A8. Varimax rotated factor loadings for S. alterniflora from November 1987.
Factor Loadings > 0.50

Element Factor 1 Factor 2 Factor 3 Factor 4 Factor 5
Ash 0.85

S 0.88

Al 0.93

Ca 0.96

Fe 0.97

K 0.92
Mg 0.71

Na -0.65

P -0.89

Ba 0.95

Cr 0.94

Li 0.89

Mn 0.92

Sr 0.97

Zn -0.56

Eigenvalue 5.0 3.2 29 1.2 1.1
% of total variance 335 21.5 19.5 8.0 7.6
Cumulative %

variance 335 55.0 74.5 82.5 90.1

Spatial element concentration trends in S. alterniflora and sediments

The ANOVA results give some indication of the spatial trends in element concentrations
for S. alterniflora and sediments. In general, they demonstrated that there are not large
differences between northern and southern extents of CRNWR. Most of the variability is found
at distance increments of 10’s of meters up to a few kilometers. The ability to produce a stable
or reproducible biogeochemical map is critically dependent upon the scale of spatial variability
of an element concentration and the density of sampling. The map stability (V) and the
minimum number of random samples (n,) required for a grid cell of 2.6 km® are shown in Table
A10. These data are based on the ANOVA results for the primary field collection in November.
The variance-mean-ratio is an estimate of variance among grids to the variance within grids.
Ratios greater than one usually indicate that relatively few samples are required within grids in
order to produce reliable maps. Our estimates of the minimum sampling density show that
reproducible biogeochemical maps representing the true element patterns could be produced for
most elements in S. alterniflora and in the sediments with 2-3 samples at the 80 percent
confidence level and 3-5 samples at the 95 percent confidence level. We averaged about 2
samples per grid cell in our sampling. Hence, biogeochemical maps produced from our data are
deemed reliable only at the lower confidence level. Several elements would not be suitable for
mapping: K, Mn, and Zn in S. alterniflora, and K, Ti, Cr, Nb, and Yb in sediments. In order
to produce more stable maps for these elements, either a greater number of samples would have
to be obtained within each grid or the grid size would have to be reduced.
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Table A9. Varimax rotated factor loadings for sediments from November 1987.
Factor Loadings > 0.50

Element Factor 1 Factor 2 Factor 3 Factor 4 Factor §
C organic 0.76

C carbonate 0.91

S 0.97

Al 0.95

Ca 0.94

Fe 0.64 0.55

K 0.54
Mg 0.60 0.71

Na 0.76

P 0.66 0.63

Ti 0.90
As -0.56

Ba 0.90

Ce 0.72

Cr 0.76

Cu 0.84

La 0.64 0.64

Li 0.90

Ma 0.87

Ni 0.95

Pb 0.52 0.74

Sc 0.96

Sr 0.75

v 0.94

Zn 0.90

Eigenvalue 9.6 55 39 1.8 1.4
% of total variance 38.6 21.9 15.5 7.4 55
Cumulative %

variance 38.6 60.5 76.0 83.4 88.9

Figure A5 shows biogeochemical contour maps for several elements in S. alterniflora.
The map for Al should be roughly representative of the spatial trends for the other elements that
loaded highly on Factor 1 (Table A8). Sulfur and Zn were inversely loaded on Factor 2 and Na
was loaded on Factor 3. Maps for these elements are also somewhat representative of other
elements that loaded on the same factors. Maps for Al and S have confidence limits of about
80 percent and the map of Na is somewhat less. The map of Zn in S. alterniflora has a much
lower confidence level because a large proportion of the total variance was within grids.
Regardless of the confidence level of the map, it seems difficult at best to interpret these results
on any physiographical or biogeochemical basis.

Figure A6 shows geochemical contour maps for six elements in the sediments. In this
case, both Al and Zn were highly loaded on Factor 1 and organic C, Na, and S, which were
inversely related to Pb, were loaded on Factor 2. The maps for Al, Na, and Zn have confidence
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Table A10. Variance-mean-ratios and estimated sample density for 2.6 km’ grid cells for S. alterniflora and
sediments.

S. alterniflora Sediment

Element Vo n,-80% 0,-95% Element Vo n,-80% 0,.-95%

C rotal % 3.9 3 4

Corg % 35 3 4
Ash%! 2.4 3 6 C crbnt % 3.5 3 4
S%! 9.4 2 3 5% 5.0 3 4
Al% 12.9 2 3 Al% 16.9 2 3
Ca% 4.7 3 4 Ca% 6.7 2 3
Fe% 8.8 2 3 Fe% 22.8 2 3
K% 0.1 31 129 K% 1.1 4 10
Mg% 3.9 3 4 Mg% 15.2 2 3
Na% 4.9 3 5 Na% 8.1 2 3
P% 3.4 3 5 P% 5.1 3 4
Ti% 9.8 2 3 Ti% < 0.1 51 219
As puglg As uglg 3.6 3 4
Ba ug/g 10.7 2 3 Ba uglg 4.0 3 4
Be pglg Be pglg 5.4 3 5
Ce uglg Ce pgl/g 7.8 3 4
Co pglg Co puglg 23.6 2 3
Cr puglg 10.3 2 3 Cr ugl/g 1.8 4 8
Cu pglg 33 3 7 Cu pglg 13.0 2 3
Ga puglg Ga pglg 10.6 2 3
La pglg 14.3 2 3 La pug/g 5.1 3 4
Li pglg 20.4 2 3 Li pg/g 25.8 2 3
Mn pug/g 1.1 4 9 Mn pglg 1.2 4 9
Nb puglg Nb ug/g 0.5 6 19
Nd pglg Nd pglg 7.3 3 4
Ni pglg Ni pug/g 34.7 2 3
Pb ug/g Pb ug/g 3.6 3 5
Sc uglg Sc pglg 10.4 2 3
Sr uglg 4.5 3 4 Sr ug/g 3.9 3 4
Th uglg Th pg/g 4.1 3 s
V uglg 13.1 2 3 V uglg 19.8 2 3
Y pgle Y pgls 15.5 2 3
Yb ugl/g Yb pgl/g 2.5 4 9
Zn pglg 0.4 7 22 Zn pglg 15.1 2 3

! Elements in S. alternifiora calculated on a dry-weight basis (i.e., 40°C), all other elements on an ash-weight basis.

levels of about 80 percent and their variance-mean-ratios ranged from about 8 to 16. The maps
for organic C, S, and Pb have somewhat lower confidence levels. Their variance-mean-ratios
were about 3 to 5. Just as the element contour maps for S. alterniflora were difficult to
interpret, these are equally so. There are insufficient differences in concentration or map
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resolution to clearly delineate spatial trends owing to potential element sources such as
McClellanville or the Santee River as significantly influencing the sediment chemistry. Lead in
sediments is slightly higher at the northern edge of CRNWR (Figure A6c). However, attributing
this to a specific source such as particulates or sediment input from the Santee River is not
warranted with these data, particularly when less than one percent of the total variance in the Pb
concentrations was attributable to differences between the north and south sections of the refuge.

S. alterniflora-sediment elemental relationships

Frequently there is not a good correlation between the total concentration of elements in
plants with that of soils because the total element concentration in soils is not representative of
what is actually bioavailable. We did, however, find some weak to moderate correlations
between element concentrations in S. alterniflora and sediments. Non-parametric Spearman’s
rank correlation coefficients that were significant (p = 0.001) are given in Table A11. Calcium,
Fe, Ba, and Sr were not significant. Sulfur in S. alterniflora was positively correlated with S
and negatively correlated with P, Ba, and Pb in the sediments. These correlations may indicate
that higher sediment S concentrations represent higher sediment sulfide concentrations, which in
turn, may have a phytotoxic effect on S. alterniflora and nutrient uptake such as P or NH,*
(Koch and Mendelssohn, 1989; Koch and others, 1990). Sediment sulfide concentrations also
may be indicative of rhizosphere pH and the bioavailability of P, or there may be a competitive
uptake of S or P species so that the halophyte may internally balance anions. Increased
concentrations of Ba and Pb in the sediments may be indicative of lower porewater S
concentrations owing to formation of insoluble sulfate and sulfide species. However, because
the sample locations are regularly flooded and the sites are not a closed system, it is not obvious
why S from seawater is not in such an excess that no correlations are obtained.

Several of the significant correlations found between elements in S. alterniflora and the
sediments appear related to cycling of S and P. S. alterniflora serves as an important pathway
for P movement from the sediment through the plant and ultimately to the estuarine waters
(Reimold, 1972).

Broome and others (1975) measured a number of elements in S. alrerniflora and
associated sediments in North Carolina salt marshes and developed multiple regression models
to explain S. alterniflora yield and height differences between short and tall forms. Only their
model for yield included any sediment factors. They found that total concentrations of sediment
Mn were negatively related and that total concentrations of P were positively related to S.
alterniflora yield. However, contrary to what others have found (Howes and others, 1986), their
study did not find a very strong relationship between yield and height of S. alrerniflora. Delaune
and Pezenshki (1988) looked at similar relationships and found that there were significant
correlations between S. alterniflora plant productivity (as measured by biomass and height) and
total concentrations of sediment Fe, K, Mg, Mn, P, and Zn, and sediment bulk density in
Louisiana. We found somewhat different results in that there were some weak correlations
between plant height and several elements that were highly loaded on Factor 1 of the sediment
factor analysis model (Al, Fe, Li, Ni, V, and Zn) and insignificant correlations between plant
height and sediment concentrations of K, Mn, and P. Correlations such as these suggest that
sediment mineralogy, perhaps the concentration or type of clay minerals, may play a role in the
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